objective To investigate the relationship between faecal contamination in child play spaces, enteric infections, environmental enteropathy (EE) and impaired growth among young children.
Introduction
Globally, 159 million children under 5 years of age are estimated to be stunted [1] . Stunting has been associated with poor cognitive outcomes [2, 3] . Furthermore, it is estimated that undernutrition is the underlying cause of death of over half of young children worldwide [4] . There is an emerging literature showing an association between environmental enteropathy (EE) and undernutrition [5] [6] [7] [8] [9] . EE is characterised by abnormal intestinal morphology, increased inflammation and reduced intestinal barrier function [10] [11] [12] [13] [14] [15] [16] [17] [18] . This condition occurs from unsanitary environments resulting in repeated exposure to faecal pathogens and reduced nutrient absorption [5] [6] [7] 19] .
The gold standards to assess EE are endoscopy and biopsy, but these are difficult to perform in low-resource settings [20] . Therefore, markers of intestinal barrier function and absorptive capacity of the small intestine often serve as surrogate markers [12, 14, 21] . Faecal markers of EE are easier to assess than the 5-h period of urine collection often required for dual sugar permeability tests [14] . Examples of such faecal markers include alpha-1-antitrypsin, neopterin, myeloperoxidase and calprotectin [10, 12, 13, 22] . Higher myeloperoxidase, alpha-1-antitrypsin and neopterin levels both individually and as a composite score have been associated with declines in linear growth in young children [10] . Faecal calprotectin has also been found to be negatively associated with child growth [22] . In studies conducted in Gambia, poor growth in infants was associated with elevated faecal neopterin and higher intestinal permeability which was measured by the lactulose mannitol permeability test [12] [13] [14] .
Recent studies have demonstrated that quantitative real-time PCR (qPCR) can be used with high sensitivity and reproducibility to quantify bacterial and parasitic pathogens compared to traditional microbiological methods [23] [24] [25] [26] . In a recent multisite study, the six pathogens measured by qPCR most attributable to paediatric diarrhoea were Shigella spp, rotavirus, adenovirus 40/41, heat-stable enterotoxin (ST) ETEC, Cryptosporidium spp and Campylobacter spp. The use of qPCR allowed for a pathogen-attributable diarrhoeal burden of 89% vs. 51% using traditional microbiological methods [24] . However, only few studies have investigated the impact of multiple pathogens measured by qPCR on child growth [25] , and only one, to our knowledge, investigated the association between type of enteric pathogen and faecal markers of EE [27] . Elucidating the relationship between enteric pathogens, EE and impaired growth can contribute to the development of behavioural and therapeutic interventions to reduce this disease burden in susceptible paediatric populations.
Our recent work has found significant associations between poor household hygiene practices and elevated faecal markers of EE and impaired growth among young children [6, 7, 19, 28, 29] . In our cohort study in rural Bangladesh, we found that animals in the child's sleeping space and poor caregiver hand hygiene were associated with elevated faecal markers of EE [7] . Unsafe child faeces disposal practices and young children putting dirt or dirty objects in their mouth were also associated with EE and impaired growth [6, 19, 29] . Building on this previous work, we investigated the relationship between environmental contamination in child play spaces, enteric pathogens, EE and impaired growth among our cohort of young children in rural Bangladesh. We hypothesized that outdoor child play spaces were an exposure route to enteric pathogens, causing enteric infections and resulting in EE and impaired growth among young children.
Methods
This prospective cohort study was conducted in Mirzapur Upazila in the Tangail district of Bangladesh. A total of 222 children 6-30 months of age were randomly selected from the International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b) site of the Global Enteric Multicenter Study (GEMS) demographic surveillance system (DSS) [30] . The icddr,b GEMS DSS includes a population of 240 000 individuals. This investigation was nested within a study of the association between geophagy, EE and stunting. The cohort size was based on the number of households that could be recruited between February and April 2014. Our previous work among this cohort in rural Bangladesh found that 84% of households had an unsafe child faeces disposal event during structured observation, 16% had an unimproved sanitation option, 72% had no soap present near the household tubwell during spot checks and 21% of caregivers had hands with visible dirt [7, 19] .
Study participants 6-30 months of age were targeted to focus on the two-year window when child growth falters the most and child mouthing behaviour is highest [31] . Households were followed for a 9-month period until November and December 2014. At baseline, stool samples were collected and height and weight were measured for study children (weight once and height three times). Child growth measurements were calculated using the WHO child growth standards [32] . In a subset of 125 households with a child eligible for this study, two soil samples were collected from the outdoor areas where study children were observed playing during structured observation.
Laboratory analysis
Stool samples were transported to the Enteric Microbiology Laboratory at icddr,b in Dhaka, Bangladesh where they were stored at À80°C before analysis. Calprotectin (ALPCO, Salem, NH), alpha-1-antitrypsin (Biovendor, Asheville, NC) and neopterin (Genway, San Diego, CA) enzyme-linked immunosorbent assay (ELISA) kits were run using manufacturer instructions. For the myeloperoxidase ELISA kit, a 1:500 dilution was used for initial runs (ALPCO, Salem, NH). EE disease activity score was calculated using faecal myeloperoxidase, alpha-1-antitrypsin and neopterin, based on published methods [10] . The following categories were assigned for each EE markers: 0 points for concentrations <25th percentile, 1 point for concentrations between the 25th and 75th percentile and 2 points for a value >75th percentile. The EE score was then calculated using the following formula:
DNA was isolated from frozen stool samples using a modified procedure that included bead-beating steps and an adapted Qiagen QIAamp DNA stool extraction procedure. The concentration of DNA was measured using a Nanodrop spectrophotometer (Thermo Scientific). DNA was analysed for the following pathogens by qPCR using 
Giardia intestinalis and Cryptosporidium spp using previously published primers [24, 33] . The gene copies in the specimens were determined by absolute quantification using a standard curve based on dilutions of total genomic DNA isolated by Qiagen column for each 96-well plate [26] . The concentration of DNA, the qPCR measurement and standard curve were combined to estimate the number of gene copies per 100 ng of total stool DNA. A cut-off of at least one copy per 100 ng DNA was used to define the presence of an enteric pathogen. Soil samples were sent to the Enteric Microbiology Laboratory at icddr,b in Dhaka, Bangladesh for analysis. E. coli counts and diarrhoeagenic E. coli were measured based on previous methods [6, 34, 35] . Complete soil findings are published elsewhere [6] .
Statistical analysis
Our primary objective in conducting this study was to determine whether the presence and quantity of enteric pathogens in stool were significantly associated with elevated markers of EE and impaired growth in young children. Therefore, our primary study outcomes were calprotectin, EE disease activity score and a child being stunted, underweight or wasted. A z-score less than À2 was defined as stunted for height-for-age z-scores (HAZ), underweight for weight-for-age z-scores (WAZ) and wasted for weight-for-height z-scores (HAZ) [36, 37] . To assess the association between enteric pathogens in stool and faecal markers of EE, linear regression models were used with calprotectin and EE disease activity score as the outcomes and enteric pathogens as predictors. To assess the association between enteric pathogens and measures of child growth, logistic regression models were used with being underweight, stunted or wasted as outcomes and enteric pathogens as the predictors. For our adjusted models, covariates were selected if their association with the outcome had a P-value less than 0.2.
Ethical approval
The study protocol has approval from the research ethics committees of the icddr,b. An exemption was obtained by the IRB of the Johns Hopkins Bloomberg School of Public Health. Informed consent was obtained from the guardian of all study participants.
Results
A total of 203 children were included in this analysis. Of the 222 children enrolled in the study, 18 were excluded from this analysis because they did not have an adequate stool volume to perform qPCR. The median age of children included in this analysis was 17 months (range: 7-30), and 55% were female. The median number of individuals living in a household was 5 (range: 1-12). Nine percent of caregivers had no formal education, and 65% had a secondary level of education or higher. Seventy-five percent of study households had an earth floor, 24% had a concrete floor and 1% had a tiled floor. At baseline, 88% of children were partially breastfed and 12% were not breastfed. All households at baseline had visible faecal matter present in the outdoor areas of their compound. At baseline, 8% of children (17/202) had caregiver reports of diarrhoea and 20% (41/202) had reports of vomiting in the past two weeks. Diarrhoea was defined as three or more loose stools over a 24-h period. Twenty-four per cent of children (49/202) had either diarrhoea, vomiting or both within the past two weeks. Only one child reported blood in stool, and one child was missing clinical surveillance data at baseline.
Baseline quantitative PCR findings
At baseline, 35% (71/203) of children had Shigella infections, 30% (61/203) had ETEC, 73% (148/203) had Campylobacter jejuni, 79% (160/203) had Giardia intestinalis and none had Cryptosporidium ( Table 1 . At our 9-month follow-up, 32% of children were stunted, 23% were underweight and 7% were wasted. The presence of Shigella in stool was also associated with a significantly higher odds of being stunted at our 9-month follow-up (OR: 2.01, 95% CI: 1.02, 3.93) ( Table 4 ).
Enteric pathogens in child stool and faecal contamination in soil in child play spaces
The median E. coli count in soil sampled in child outdoor play spaces was 6550 colony-forming units (CFU)/g. Twelve percent of households (15/125) had detectable pathogenic E. coli in outdoor child play spaces. Children with Giardia intestinalis infections had significantly higher E. coli counts in the soil collected from their play spaces (OR: 1.23, 95% CI: 1.02, 1.48) ( Table 5 ). The median E. coli count in soil was 10 188 CFU for children with Giardia intestinalis vs. 2900 CFU for children without Giardia intestinalis. There was no significant association found between other enteric pathogens in stool and faecal contamination in the child play spaces.
Discussion
This is the first study to our knowledge that has investigated the association between enteric pathogens in stool and faecal calprotectin concentrations in a paediatric population. The pathogen load in our study population was high: 73% of study children had two or more enteric pathogens in their stool. We found a significant association between the presence of enteric pathogens in stool, elevated faecal calprotectin concentrations and impaired growth. In addition, E. coli counts in soil in child play spaces, used as a measure of faecal contamination, was associated with the presence of enteric pathogens in stool. These findings support the hypothesis that exposure to enteric pathogens in child play spaces can lead to enteric infections, resulting in EE and impaired growth in susceptible paediatric populations. CI, confidence interval. †Presence defined as at least one copy per 100 ng DNA for enteric pathogens in stool. ‡Models adjusted for age, age squared, caregiver educational level, breastfeeding and family size. The coefficient is exponentiated for calprotectin. Environmental enteropathy (EE) disease activity score combines alpha-1-antitrypsin, myeloperoxidase and neopterin, according to previously published methods (Kosek et al. 2013 ). *P-value < 0.05.
The majority of study children had multiple pathogens in their stool, and 47% of children had three or more pathogens present based on qPCR data. This pathogen load is higher than previously reported for children in this population. A recent study in urban Bangladesh found that 23% of children under 2 years had three or more pathogens measured in their stool by qPCR [25] . The most common pathogen in stool in our study Table 3 Association between baseline enteric pathogens and concurrent growth measurements (N = 203). Children with Shigella had a significantly higher odds of being stunted at baseline (odds ratio (OR): 2.21, 95% CI: 1.12, 4.38). In addition, children with Enterotoxigenic Escherichia coli had a 1.94 times higher odds of being underweight at baseline (95% CI: 0.94, 3.99). The number of pathogens found in a child's stool was significantly associated with stunting at baseline in the crude model (OR: 1.34, 95% CI: 1.02, 1.77), however, not in the adjusted model (OR: 1.33, 95% CI: 0.99, 1.78). CI, confidence interval; HAZ, length/height-for-age z-score; OR, odds ratio; WAZ, weight-for-age z-score; WHZ, weight-for-length/ height z-score. †Presence defined as at least one copy per 100 ng DNA for enteric pathogens in stool. ‡Models adjusted for age, age squared, caregiver educational level, breastfeeding and family size. *P-value < 0.05. Table 4 Association between enteric pathogens and growth measurements at the 9-month follow-up (N = 193)*. At our 9-month followup, the presence of Shigella in stool was associated with a significantly higher odds of being stunted (OR: 2.01, 95% CI: 1.02, 3.93).
Enteric pathogens †
Enteric pathogens † Proportion CI, confidence interval; HAZ, length/height-for-age z-score; OR, odds ratio; WAZ, weight-for-age z-score; WHZ, weight-for-length/ height z-score. †Presence defined as at least one copy per 100 ng DNA for enteric pathogens in stool. ‡Models adjusted for age, age squared, caregiver educational level, breastfeeding and family size. *P-value < 0.05. 43.24) †Presence defined as at least one copy per 100 ng DNA for enteric pathogens in stool. ‡Models adjusted for age, age squared, caregiver educational level, breastfeeding and family size. *P-value < 0.05. population was Giardia intestinalis at 79%, followed by Campylobacter at 73%. This is consistent with findings from the Interactions of Malnutrition & Enteric Infections: Consequences for Child Health and Development (MAL-ED) study which found up to 75% of children had a Campylobacter infection, and 86% of children had a Giardia intestinalis infections during the first two years of life at the Bangladesh site [38, 39] .
The presence of ETEC in stool was associated with elevated faecal calprotectin concentrations. This is consistent with the recent literature demonstrating an association between enteric pathogens and elevated EE faecal markers [40] . In the MAL-ED study, a higher number of enteric pathogens in stool was associated with elevated concentrations of faecal myeloperoxidase and alpha-1-antitrypsin in young children. In addition, Campylobacter infections were associated with elevated faecal myeloperoxidase concentrations, and Giardia intestinalis infections were associated with elevated faecal neopterin concentrations [27, 40, 41] . In a later paper from this study, ETEC and Shigella were found to be positively associated with elevated myeloperoxidase concentrations [27] . Similarly, in Steiner et al., children with Enteroaggregative E. coli had significantly elevated faecal lactoferrin, interleukin (IL) 8, and IL-1b levels, faecal inflammatory markers [41] . Future research is needed to investigate the association between faecal calprotectin and enteric pathogens using a larger sample size.
Shigella was associated with a two times higher odds of being stunted at baseline and at the 9-month followup. In addition, the number of pathogens in stool was significantly associated with stunting at baseline in the crude model. This finding is consistent with previous studies that have found a significant association between impaired growth and Shigella/enteroinvasive E. coli [25, 42, 43] , ETEC [42] , Campylobacter [25, 39, 43, 44] and Giardia intestinalis [25, 27, 38] . The recommended cut-off for diagnosis of diarrhoea due to Shigella is 10 4 ipaH copies per 100 ng DNA [26] . In our study, 1 copy per 100 ng DNA was used to define the presence of an enteric pathogen in stool. Therefore, these findings demonstrate that even a low pathogen quantity in stool can be associated with impaired growth in a paediatric population.
We found that the quantity of E. coli in the soil, used as an indicator of faecal contamination, was associated with a higher odds of Giardia intestinalis infections. This is consistent with previous studies that have found exposure to soil as a risk factor for parasite infections [45] [46] [47] . Our results provide additional evidence to support the hypothesis that environmental contamination from soil in child play spaces contributes to enteric infections in young children. Consistent with this, our previous work among children in this cohort found that consumption of soil was a risk factor for EE and impaired growth [6] . Previous studies have found Giardia intestinalis in soil and cattle faeces and have found it can persist in the environment over time [48] [49] [50] . However, our study did not assess this pathogen in soil samples collected. Future studies should measure Giardia intestinalis and other enteric pathogens in both environmental and clinical samples.
Previous work from our cohort study found poor child and caregiver hygiene practices were significantly associated with elevated EE markers and impaired growth among young children [6, 7, 19, 28, 29] . This study has built on this previous work by investigating the influence of enteric infections on faecal markers of EE and impaired growth. Through this analysis, we found ETEC and Shigella to be potentially important contributors to EE and stunting in susceptible paediatric populations. Previous studies have found these pathogens to be associated with poor hygiene practices and environmental conditions [51] [52] [53] [54] . Furthermore, we found that environmental contamination in soil was a significant contributor to infections among young children. These combined findings provide valuable evidence on the pathway by which unsanitary environmental conditions lead to EE and impaired growth among susceptible paediatric populations.
Limitations of the study
This study has a few limitations. First, the association between faecal markers of EE and enteric pathogens was cross-sectional; therefore, we cannot demonstrate the causality of the association between enteric pathogens in stool and EE. Future studies should collect samples at multiple time points. Second, we did not measure Giardia intestinalis or other parasites in soil. Third, we did not collect data on dual sugar permeability tests. Fourth, we did not collect blood samples to measure antibody titres. We recommend blood samples be collected in future.
Conclusion
Enteric infections were significantly associated with EE and impaired growth among young children in rural Bangladesh. These findings provide further evidence to support the hypothesis that enteric infections, many of which are likely subclinical, cause EE and impaired growth in young children. These findings highlight the need for interventions to reduce paediatric exposures to enteric pathogens.
